In vivo es ti ma tions of the fre quency-de pend ent acous tic at ten u a tion (a) and back scat ter (h) co ef ficients us ing ra diofre quency (rf) ech oes ac quired with clin i cal ul tra sound sys tems must be in de pend ent of the data ac qui si tion setup and the es ti ma tion pro ce dures. In a re cent in vivo as sess ment of these pa rame ters in ro dent mam mary tu mors, over all agree ment was ob served among a and h es ti mates us ing data from four clin i cal im ag ing sys tems. In some cases, par tic u larly in highly-at ten u at ing het er o ge neous tumors, multisys tem vari abil ity was ob served. This pa per com pares a and h es ti mates of a well-char ac terized ro dent-tu mor-mim ick ing ho mo ge neous phan tom scanned us ing seven trans duc ers with the same four clin i cal im ag ing sys tems: a Siemens Acuson S2000, an Ultrasonix RP, a Zonare Z.one and a VisualSonics Vevo2100. a and h es ti mates of le sion-mim ick ing spheres in the phan tom were in de pendently as sessed by three re search groups, who an a lyzed their sys tem's rf echo sig nals. Im ag ing-system-based es ti mates of a and h of both le sion-mim ick ing spheres were com pa ra ble to throughtrans mis sion lab o ra tory es ti mates and to pre dic tions us ing Faran's the ory, re spec tively. A few no ta ble vari a tions in re sults among the clin i cal sys tems were ob served but the av er age and max i mum per cent dif fer ence be tween a es ti mates and lab o ra tory-as sessed val ues was 11% and 29%, re spec tively. Ex cluding a sin gle out lier dataset, the av er age and max i mum av er age dif fer ence be tween h es ti mates for the clin i cal sys tems and val ues pre dicted from scat ter ing the ory was 16% and 33%, re spec tively. These results were an im prove ment over pre vi ous interlaboratory com par i sons of at ten u a tion and back scat ter esti mates. Al though the stan dard iza tion of our es ti ma tion meth od ol o gies can be fur ther im proved, this study val i dates our re sults from pre vi ous ro dent breast-tu mor model studies.
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The de vel op ment of a par tic u lar dis ease of ten af fects the re gional cel lu lar micro environment, re sult ing in the tis sue microstructure (glands, col la gen bun dles in con nec tive tis sue) suffer ing mod i fi ca tions in its me chan i cal prop er ties. 1 In some cases, these prop er ties can be char ac ter ized in vivo by a spec tral anal y sis of the re flected and scat tered com po nents of ra diofre quency (rf) ech oes de tected by an ul tra sound sys tem. 1, 2 This rf echo in for ma tion, which is usu ally ne glected when con struct ing con ven tional en ve lope-based B-mode im ages, could improve the ob jec tiv ity of the scan eval u a tion and thus aid in the di ag no sis and treat ment eval u ation of dif fer ent dis eases. This anal y sis is re ferred to here as Quan ti ta tive Ul tra sound (QUS). 3, 4 An es ti ma tion of acous tic at ten u a tion and back scat ter co ef fi cients is cen tral for the assess ment of many QUS pa ram e ters. These pa ram e ters have been es ti mated in the past to char ac ter ize as well as to dif fer en ti ate be tween healthy and dis eased tis sues such as in the liver, kid ney, breast and thy roid. 1, [5] [6] [7] [8] [9] [10] [11] The at ten u a tion co ef fi cient, a, re fers to the spa tial rate of sound beam at ten u a tion, usu ally quan ti fied in deci bels per cen ti me ter at a spe cific frequency, f, while the back scat ter co ef fi cient, h, is de fined as the dif fer en tial scat ter ing cross sec tion per unit vol ume for a scat ter ing an gle of 180 de grees. 12, 13 Es ti mates of a and h are expected to be in de pend ent of the sys tem and sig nal pro cess ing tech niques be cause they are inher ent acous tic prop er ties of tis sue. 14, 15 In re cent years, our lab o ra to ries have jointly fo cused on dem on strat ing the fea si bil ity of ob tain ing ac cu rate and pre cise es ti mates of var i ous QUS pa ram e ters. Re cent stud ies involved multisys tem com par i sons of scan ner-based a and h es ti mates from in vivo spon ta neous rat mam mary fibroadenomas and im planted car ci no mas. 14, 15 Gen eral agree ment was ob served be tween at ten u a tion val ues com puted among four dif fer ent sys tems, though the atten u a tion co ef fi cients with clin i cal sys tems were sig nif i cantly higher than those re ported from lab o ra tory mea sure ments us ing sin gle-el e ment trans duc ers. 10 Root-mean-square errors among h es ti mates from the four clin i cal im ag ing sys tems over the 4-5MHz range were as low as 5% for a fibroadenoma but up to 330% for a car ci noma, al though the fre quency depend ence of h ex hib ited much better agree ment. These dif fer ences were at trib uted mainly to spa tial vari a tions in prop er ties of the masses, i.e., no sin gle sys tem scanned the ex act same lo ca tion of the tu mor and at the ex act ori en ta tion as an other sys tem. How ever, some of the vari abil ity might also be caused by dif fer ences in ac count ing for at ten u a tion in masses as well as by other sys tem-and anal y sis-de pend ent fac tors. 14, 15 There fore, an es sen tial step in the anal y sis of a multisys tem study is to in ves ti gate the level of agree ment in de pend ently of pos si ble sam ple-re lated het er o ge ne ity in the acquired data.
The goal of the pres ent work was to as sess scan ner-based a and h es ti mates of well-charac ter ized and ho mo ge neous ro dent-tu mor-mim ick ing struc tures con tained in a phan tom designed to mimic con di tions un der which tu mors in small mam mals are of ten pres ent and scanned. The in tent was to de ter mine whether the un usual ge om e try of the ro dent tu mor protrud ing above the body wall was caus ing our mea sure ments (with all im ag ing sys tems) to be bi ased high. These es ti mates were gen er ated by pro cess ing rf ech oes from the phan tom scanned with dif fer ent clin i cal sys tems, em u lat ing the data ac qui si tion con di tions and sig nal pro cess ing meth od ol ogy used in the in vivo ro dent-tu mor char ac ter iza tion ex per i ment cited above. 14, 15 In this pa per, es ti mates from four ul tra sound im ag ing sys tems are com pared to lab o ra tory char ac ter iza tion of the acous tic prop er ties of the ro dent-tu mor-mim ick ing structures as well as to pre dic tions from Faran's scat ter ing the ory for spher i cal scat ter ers. 16 
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Phan tom de sign
The phan tom em u lates ex per i men tal con di tions dur ing ro dent-le sion scan ning, 14, 15 includ ing a liq uid path be tween the trans ducer and sub ject, a le sion pro trud ing from the sub ject body form ing a con vex surface, and rel a tively high lev els of ul tra sound at ten u a tion within the le sion com pared to lev els pre vi ously re ported for such tu mors. 10, 14, 15 Fol low ing this idea, the phan tom con sists of three mac ro scop i cally-uni form sec tions: two le sion-mim ick ing 1.6 cm di am e ter spher i cal in clu sions (re ferred to as Sphere A and Sphere B (Fig. 1) ) pro trud ing from a back ground (third sec tion) in the shape of a rect an gu lar parallelepiped. The phan tom was fab ri cated us ing tech niques re ported pre vi ously. 17 The phan tom is im mersed in a so lution of wa ter, pro pyl ene gly col and Liq uid Germall Plus â (a pre ser va tive) and en closed in an acrylic box.
All three sec tions were com posed of mix tures of wa ter, agar, pro pyl ene gly col and Liq uid Germall Plus â as well as of dif fer ent con cen tra tions of graph ite pow der and dif fer ent size dis tri bu tions of glass-bead scat ter ers. Graph ite pow der con cen tra tions were se lected to achieve dif fer ent lev els of at ten u a tion in each sec tion. At ten u a tion co ef fi cients were measured us ing sub sti tu tion tech niques, as de scribed be low. The glass bead scat terer size dis tribu tion ( Fig. 2 ) for each phan tom sec tion was de ter mined by mea sur ing the di am e ter of 500 glass beads us ing a cal i brated op ti cal mi cro scope. The den sity (mea sured as de scribed in a pre vi ous pub li ca tion 18 ) and the glass-bead mass con cen tra tion per unit vol ume of the agar/graph ite mix ture in Sphere A and Sphere B, as well as in the sur round ing back ground ma te rial, are pre sented in ta ble 1. The beads pro duce acous tic scat ter ing and are spa tially ran domly dis trib uted within each sec tion. The dif fer ent scat terer size dis tri bu tions pro duce dif fer ent fre quency-de pend ent back scat ter. Fig ure 3 shows ul tra sound B-mode im ages of (a) Sphere A and (b) Sphere B of the phantom, as well as (c) a spon ta ne ous mam mary fibroadenoma in a live rat. 15 The three im ages were ac quired with the same sys tem and trans ducer (Siemens S2000, 9L4, de scribed be low) as well as ac qui si tion pa ram e ters. As can be ob served, the ex per i men tal con di tions and the gray-scale ap pear ance of the ro dent tu mor are sim i lar to those for the inclusions.
Acous tic prop er ties of phan tom
2.5 cm thick test sam ples, formed of the ma te ri als mak ing up each sec tion of the phan tom and poured at the time of its fab ri ca tion, were used in lab o ra tory mea sure ments of the at ten ua tion co ef fi cient a and speed of sound c of the three sec tions. Lab o ra tory mea sure ments of these prop er ties were gen er ated by ap ply ing a through-trans mis sion nar row-band sub sti tution tech nique, 19 in volv ing the trans mis sion of 30-cy cle acous tic pulses of dif fer ent fre quencies (2.5, 5, 7.5 and 10 MHz) through the sam ple im mersed in wa ter. Pulses were emit ted by 236 NAM ET AL
FIG. 2
Glass-bead-di am e ter dis tri bu tions of Sphere A and Sphere B de ter mined by mea sur ing the di am e ter of 500 glass beads for each dis tri bu tion us ing a cal i brated op ti cal microscope. 15 The three im ages were ac quired with the 9L4 lin ear ar ray trans ducer of the Siemens S2000 sys tem un der the same scan ning pa ram e ters.
(a) (b) (c)
a sin gle-el e ment unfocused trans ducer, tra versed the sam ple and reached a cor re spond ing re ceiv ing trans ducer, whose sig nal was read by a dig i tal os cil lo scope (500 MHz, Model LT342, LeCroy, Chest nut Ridge, NY). The am pli tude change and tem po ral shift of the detected wave forms com pared to wave forms re corded in the ab sence of the sam ple were used to de ter mine the at ten u a tion and the speed of sound of the ma te rial in the sam ple, re spectively. 19 In the case of the speed of sound c, dis per sion was ne glected and the av er age ±1 standard de vi a tion among val ues of the speed of sound de ter mined at each trans ducer's op er a tion fre quency is re ported in ta ble 2. A power law fit was ap plied to the mea sured at tenu a tion co ef fi cient a (in dB/cm) as func tion of fre quency to es ti mate the con stant a 0 (dB/cm-MHz n ) and the ex po nent n. Be cause the val ues of n were close to 1, a lin ear fit was also ap plied to the data. The val ues from the lin ear fit were used for com par i son with scan ner-based a 0 es ti mates as well as for at ten u a tion com pen sa tion dur ing the es ti ma tion of the back scat ter co ef fi cients from clin i cal im ag ing sys tems, de scribed below. The re sults from these fits are pre sented in ta ble 2.
Test sam ples were also used in lab o ra tory mea sure ments of back scat ter co ef fi cients for the phan tom com po nents. These were per formed us ing a broad band pulse-echo, pla nar re flec tor method and sin gle-el e ment fo cused trans duc ers. 20 The test sam ples and the trans ducer were im mersed in a tank of de gassed wa ter at room tem per a ture. The trans ducer was cou pled to a com puter-driven pulser-re ceiver (Model 5800, Panametrics, GE In spec tion Tech nol o gies, Lewiston, PA). Af ter plac ing the test sam ple at the fo cal plane of the trans ducer, a set of rf echoes was ac quired by au to mat i cally mov ing the trans ducer (us ing an Aerotech Undex 11 mo tor displacer, GE In spec tion Tech nol o gies, Lewiston, PA) in a plane par al lel to the sur face of the test sam ple in a ras ter fash ion over 40 mm x 40 mm, at steps of 4 mm. The rf sig nals were gated to con sider only ech oes from within the sam ple near the fo cal dis tance of the trans ducer. Echo sig nals from a pla nar quartz re flec tor, with its re flect ing sur face per pen dic u lar to the pulse trajec tory, were also ac quired to ac count for the trans mit-re ceive fre quency re sponse of the transducer-pulser-re ceiver sys tem. As sum ing a long du ra tion gate, the back scat ter co ef fi cient is given by the ra tio of the square modulus of the Fou rier trans form of the gated rf sig nal av eraged over all the col lected sig nals, di vided by a term that ac counts for the sys tem's fre quency re sponse, the shape of the gating func tion and the trans ducer field in te grated over the test sam -AT TEN U A TION AND BACK SCAT TER IN RO DENT-TU MOR PHAN TOMS 237 Ta ble 2. Acous tic prop er ties of the phan tom. Speed of sound c in m/s (av er age ± one stan dard de vi a tion from four mea sure ments), at ten u a tion co ef fi cient a in dB/cm at 2.5 MHz, pa ram e ters from a power fit and a lin ear fit to a versus fre quency. (1) ple vol ume. 20 The pro ce dure was per formed us ing trans duc ers with cen ter fre quen cies of 3.5, 5.0, 7.5 and 10 MHz to span the 2.4 to 12.9 MHz range.
Data col lec tion with clin i cal sys tems
The par tic i pat ing lab o ra to ries were aware of the at ten u a tion prop er ties of Sphere A and Sphere B as well as of the at ten u a tion and back scat ter prop er ties of the back ground ma te rial sur round ing them. How ever, the lab o ra to ries were blind to the back scat ter prop er ties of Sphere A and Sphere B. Each sec tion was scanned with four clin i cal ul tra sound sys tems: a Siemens Acuson S2000 (Siemens Med i cal So lu tions USA, Inc, Malvern, PA) with 9L4 and 18L6 lin ear ar ray trans duc ers op er ated at 6 and 10 MHz nom i nal ex ci ta tion fre quen cies by the group from the Uni ver sity of Wis con sin-Mad i son (UW); an Ultrasonix RP sys tem (Ultrasonix Med i cal Cor po ra tion, Rich mond, Brit ish Co lum bia, Can ada) with L9-4/38 and L14-5/38 lin ear ar ray trans duc ers op er ated at 5 and 7.5 MHz nom i nal cen ter fre quen cies by the group from the Uni ver sity of Il li nois at Ur bana-Cham paign (UIUC); a Zonare Z.one scan ner (Zonare Med i cal Sys tems, Inc, Moun tain View, CA) with L8-3 and L14-5sp lin ear ar ray trans duc ers op er ated at 7 and 10 MHz nom i nal cen ter fre quency by the group from Iowa State Uni ver sity (ISU); and a VisualSonics Vevo2100 (VisualSonics Inc., To ronto, On tario, Can ada) with a MS200 trans ducer op er ated at a 15 MHz nom i nal cen ter fre quency also by the UIUC group. The scan ners are equipped with re search in terfaces that sup ply either raw rf echo data or, in the case of the VisualSonics, quad ra ture data that per mits ac cu rate power spec tral den sity es ti ma tion. Data col lec tion with all four sys tems took place dur ing one scan ning ses sion at UIUC. Rf ech oes from five dif fer ent im age planes of each sec tion of the phan tom were ob tained by ro tat ing the trans ducer about an axis de fined by the cen tral acous tic scan line of the im age. The de gree of cor re la tion among the im age planes was not tested, how ever. Dur ing anal y sis, the back ground ma te rial of the phan tom was used as a refer ence. Thus, rf data from all three sec tions scanned by each trans ducer were ac quired us ing iden ti cal op er a tor con trol set tings and the same trans ducer-to-sec tion distance.
Attenuation es ti ma tion
Rf data from each sys tem were pro cessed fol low ing the spec tral slope al go rithm. 21 The gen eral steps are the fol low ing: The spher i cal in clu sion was iden ti fied in the B-mode im age of each of the two-di men sional frames, and a re gion of in ter est (ROI) was de fined within it. The ROI was sub di vided into 'a-es ti ma tion blocks' whose sizes are shown in ta ble 3. An esti mate of the at ten u a tion co ef fi cient was then ob tained for each of these blocks. To do this, a block was fur ther di vided into a num ber of spec tral-es ti ma tion win dows. Ta pered seg ments of the rf ech oes cor re spond ing to each spec tral es ti ma tion win dow were used to com pute the power spec tra from the sam ple and ref er ence. Win dows were al lowed to over lap both ax i ally and lat er ally. The dif fer ence in depth de pend ence of the ra tio of the sam ple to the ref er ence power spec tra was used to quan tify the at ten u a tion co ef fi cient within each a-es ti ma tion block. The size, ta per ing func tion and amount of over lap be tween spec tral win dows and a-at ten u a tion blocks var ied among sys tems, as shown in ta ble 3.
Back scat ter-co ef fi cient es ti ma tion
The gen eral pro ce dure to es ti mate each spher i cal in clu sion's h as a func tion of fre quency from the rf data was the ref er ence phan tom method, us ing the phan tom back ground (its lab ora tory-mea sured at ten u a tion (ta ble 2) and back scat ter co ef fi cients) as ref er ence. 21, 22 The follow ing steps were performed:
1. An ROI was de fined within the spher i cal in clu sion based on the B-mode im age of each ac quired im age plane. Mul ti ple es ti mates of the power spec tra from the sam ple and ref er -ence rf ech oes were ob tained within the ROI by plac ing a spec tral anal y sis win dow at dif ferent lo ca tions within it. The spe cific win dow sizes, win dow over lap and band width used for each sys tem are listed in ta ble 4. Note that the anal y sis pa ram e ters were set in de pend ently by each re search group. Each group uti lized cri te ria based on ex pe ri ence with the data col lected by their own im ag ing sys tem.
2. The fre quency-de pend ent h was es ti mated by ap ply ing the ref er ence phan tom method to the power spec tra of the seg mented rf ech oes within the ROI. Ne glect ing mul ti ple scat tering and based on the fact that the speed of sound of the tu mor-mim ick ing spher i cal in clusions and that of the ref er ence phan tom are sim i lar (as shown in ta ble 2), 21 ,23 the back scat ter co ef fi cient of the sam ple (spher i cal in clu sion) h sam ple is obtained as follows:
Ta ble 3. Pa ram e ters used in the es ti ma tion of at ten u a tion co ef fi cient (AL=acous tic line). The ex po nen tial term cor responds to the com pen sa tion for the at ten u a tion caused by struc tures above the spec tral anal y sis win dow, which is at a depth z w from the trans ducer. 3. Back scat ter co ef fi cient es ti mates from each trans ducer were av er aged over all spec tral anal y sis win dows within a ROI and over the ROIs across dif fer ent planes.
Ultrasonix
Anal y sis of h es ti mates from each im ag ing sys tem for the in clu sions in volved de termin ing the level of agree ment with the o ret i cal pre dic tions, which are cal cu lated us ing the num ber den sity dis tri bu tion of the glass beads and Faran's the ory for spher i cal scatter ers. 17 The the ory re quires the size and prop er ties of the glass beads as in put pa ram eters. Anal y sis also in volved com put ing the vari a tion of the es ti mates among dif fer ent sys tems (in clud ing lab o ra tory es ti mates), and as sess ing the sim i lar ity of the fre quency de pend ence of the back scat ter co ef fi cient. To per form this anal y sis, the fol low ing quanti ties were de fined:
(a) Per cent age dif fer ence with re spect to Faran (%D Faran )
We com puted the ab so lute value of the dif fer ence be tween the hsystem(f) es ti mate from the clin i cal im ag ing sys tem and the Faran pre dic tion hFaran(f) at the same fre quency, normal ized over the pre dicted value. This is ex pressed as (b) Per cent age dif fer ence with re spect to the mean of h es ti mates from all sys tems (%D Mean ) This is de fined as the ab so lute dif fer ence be tween the h es ti mate from an in di vid ual system and the mean com puted from the re sults of all sys tems at the same fre quency, nor malized over the mean. That is, (c) Ef fec tive scat terer di am e ter 24 This was es ti mated through the minimization of the squared dif fer ence be tween the log arithms of the es ti mated back scat ter co ef fi cient and a the o ret i cal model h T (f) (in this case using Faran's the ory, up dat ing the as sumed scat terer di am e ter at each it er a tion of the minimization pro ce dure) over a se lected band width. 23 Di am e ter search ranges were 15 to 55 mm for Sphere A, and 55 to 100 mm for Sphere B. Once the ef fec tive scat terer di am e ter was es ti mated, the sim i lar ity be tween h T as sum ing the es ti mated ef fec tive scat terer di am e ter and the es ti mated h Sys tem was quan ti fied by com put ing 240 NAM ET AL
the mean squared er ror, where the mean is taken over the N fre quency points in cluded in the analysis bandwidth:
Due to the vari abil ity of trans ducer bandwidths and pro cess ing meth ods, the fre quency bandwidths used for the h es ti ma tion var ied among trans duc ers as well as among sys tems. To perform the anal y sis of the frac tional dif fer ences, over lap ping sec tions of those bandwidths were se lected. Two over lap ping re gions were iden ti fied: a low-fre quency re gion from 4.9 to 6 MHz (in clud ing es ti mates from all sys tems ex cept the VisualSonics MS200), and a high-fre quency re gion from 8 to 12 MHz (in clud ing es ti mates from the 10 MHz single-el e ment trans ducer, Siemens 18L6 and VisualSonics MS200). Then, h es ti mates from each sys tem at the fre quency points of the most coarsely-sam pled h es ti mate (Zonare 14L5 in the low-fre quency re gion and 10 MHz sin gle-el e ment trans ducer in the high-fre quency re gion) were ob tained us ing lin ear in ter po la tion from the orig i nal es ti mates. This pro ce dure al lowed us to have h es ti mates from all the systems within each overlapping region at the same frequency points.
The first (Eq. (3)) of the three quan ti ties de fined above (Eqs. (3)-(5)) aims at quan ti fy ing the dis crep ancy of each sys tem's h es ti mates with re spect to Faran pre dic tions, while the sec ond one quan ti fies the vari a tions with re spect to the av er age trend of the ex per i men tal esti mates. To sim plify the anal y sis, the mean and stan dard de vi a tions of the frac tional dif ferences over the low-and high-fre quency ranges were com puted. The third quan tity is an ap prox i mate eval u a tion of the agree ment among h es ti mates from the im ag ing sys tem by assess ing the ef fec tive scat terer di am e ter, which de pends mainly on the fre quency de pend ence of the back scat ter co ef fi cient. The es ti ma tion of the scat terer di am e ters was performed us ing the in ter po lated h es ti mates within the low-fre quency and high-fre quency ranges de fined above.
RE SULTS
Ta ble 5 pres ents the es ti mates of a 0 (Eq. (1)) as sum ing lin ear de pend ence on fre quency (n=1) for all scan ners, as well as the lab o ra tory es ti mates (pre sented also in ta ble 2). As observed, most of the es ti mates from clin i cal sys tems are in agree ment with lab o ra tory es timates. The av er age and max i mum dif fer ences be tween sys tems with re spect to the value from the lab o ra tory mea sure ment for Sphere A (1.02 dB/cm-MHz) were 9% and 18%, respec tively. The av er age and max i mum dif fer ences for Sphere B (1.58 dB/cm-MHz) were 12% and 29%. In gen eral, Sphere B es ti mates had larger dif fer ences with re spect to the expected value. Fur ther more, with the ex cep tion of one sys tem, trans duc ers with a higher nomi nal fre quency range led to larger frac tional dif fer ences. Fig ures 4 and 5 show back scat ter co ef fi cient vs. fre quency re sults for the im ag ing systems from spher i cal in clu sions A and B, re spec tively. Also shown are back scat ter co ef ficients based on Faran pre dic tions and those from the sin gle-el e ment trans ducer lab o ra tory sys tem. Fig ure 6 pres ents the mean (over fre quency) val ues of the per cent age dif fer ences with re spect to Faran pre dic tions (lightly shaded bars) and to the mean of the ex per i men tal es ti mates (dark bars) for each im ag ing sys tem's back scat ter co ef fi cient. These were com - 
Ta ble 5.
Lab o ra tory and scan ner-based es ti mates of the slope of the at ten u a tion co ef fi cient ver sus fre quency a 0 (Eq. (1)) as sum ing lin ear de pend ence on fre quency (n = 1) for the spher i cal in clu sions in the ro dent phan tom. Un certain ties in di cate one stan dard de vi a tion of at ten u a tion re sults ob tained from dif fer ent frames. cal cu la tions were 6 and 45 in the low-and high-fre quency ranges, re spec tively. In gen eral all the per cent age dif fer ences, both with re spect to Faran's the ory pre dic tions and to the mean from all sys tems' re sults, were com pa ra ble, the only ex cep tion be ing the L8-3 trans ducer on the Zonare sys tem. Ex clud ing re sults from the Zonare, %D Faran and %D Mean of h es ti mates for Sphere A and Sphere B were com puted among sys tems. The av er age, min i mum and max imum val ues among these sys tems are pre sented in ta ble 6. Re sults from the es ti ma tion of the ef fec tive scat terer di am e ter and the cor re spond ing mean square er ror be tween the ex per i men tal back scat ter co ef fi cient and Faran the ory predic tions us ing the es ti mated ef fec tive scat terer di am e ter are pre sented in ta ble 7. For ref erence, the es ti mated ef fec tive scat terer di am e ter us ing the pre dicted back scat ter co ef fi cients shown in fig ures 4 and 5 is also pre sented; here, val ues of 35.2 and 34.7 mm are ob tained for Sphere A in the low-and high-fre quency ranges, re spec tively and of 85.9 and 85.2 mm for Sphere B for these same fre quency ranges. Multisys tem val ues for the mean ± one stan dard de vi a tion of the es ti mated scat terer di am e ters within Sphere A and Sphere B were 45±12 mm and 79± 8mm in the low-fre quency range, and 35±1 µm and 77±1 mm in the high-fre quency range, re spec tively. With the ex cep tion of the value for Sphere A in the low-fre quency range, these val ues are close to the up per and lower nom i nal lim its of the ex pected scat terer di am e ter dis tri bu tions in Sphere A and Sphere B, re spec tively. The stan dard de vi a tion is related to dif fer ences in the fre quency de pend ence of the es ti mated back scat ter co ef fi cient among sys tems. In gen eral, larger de vi a tions from the mean es ti mated scat terer di am e ter as well as larger val ues of the mean square er ror with re spect to the Faran model used in the es ti - Ta ble 6. %D Faran and %D Mean of h es ti mates for Sphere A and Sphere B among all im ag ing sys tems and sin gle-ele ment trans duc ers ex clud ing the L8-3 trans ducer from Zonare sys tem (av er age, min i mum and max i mum val ues). ma tion cor re sponded to those sys tems that also ex hib ited the larg est per cent age dif fer ences of the es ti mated back scat ter co ef fi cient, re ported in fig ure 6. In ad di tion, better agree ment among sys tems was ob tained in the high-fre quency range. Dashed lines are pre sented in table 7 in the cases where no convergence between the experimental backscatter coefficient and the theoretical model was obtained within the diameter search range.
Scan ning sys tem
Sphere
DIS CUS SION
This study com pares re sults of at ten u a tion and back scat ter co ef fi cient es ti mates for compo nents of a phan tom de signed to em u late chal lenges when performing QUS as sess ments of ro dent tu mors us ing clin i cal-im ag ing sys tems. A to tal of eight lin ear ar ray trans duc ers from four sys tems were used to es ti mate the at ten u a tion and the back scat ter co ef fi cient of the rodent tu mor mim ick ing spheres in the phan tom.
Most es ti mates of the at ten u a tion co ef fi cient gen er ated us ing pulse-echo data from these sys tems were within 29% of narrowband through-trans mis sion mea sure ment val ues. The max i mum dis crep ancy (29%) was mea sured for the highly-at ten u at ing Sphere B. A pos si ble ex pla na tion for this find ing is the con sid er able loss of SNR for rf sig nals from this mass. At 9 MHz, the sig nal loss in Sphere B would be 14.2 dB over 1 cm (the di am e ter of the sphere is 1.6 cm), which is more than 70% of the noise re jec tion level of 20 dB. This sug gests that in highly-at ten u at ing struc tures, there is a trade off in the slope-based es ti ma tion meth ods between the abil ity to re solve the rate of de crease of the sig nal over depth and the in creas ing influ ence of noise in the es ti mates.
Re sults for the back scat ter co ef fi cients were, in gen eral, con sis tent with pre dic tions from cent age dif fer ences be tween mea sured re sults and pre dic tions, %D Faran , and with re spect to the mean es ti mate from all the sys tems, %D Mean , were sim i lar among most sys tems, in di cating that the level of agree ment among dif fer ent sys tems and with lab o ra tory mea sured val ues of the back scat ter co ef fi cient is com pa ra ble to the over all agree ment with pre dic tions. The larg est per cent age dif fer ences (not con sid er ing re sults from the Zonare L8-3 trans ducer) were about 33% with re spect to pre dic tions and cor re sponded to h es ti mates for Sphere B in the high-fre quency range. In ter est ingly, in this range the vari abil ity among sys tems was rela tively small. This in di cates that the re sults in this band width may have been bi ased, which agrees with the ob served un der es ti ma tion at high fre quen cies in fig ure 5 . A pos si ble ex plana tion of this re sult is the im por tant loss of sig nal/noise caused by the high lev els of at ten u ation at high fre quen cies.
In or der to com pare the fre quency de pend ence of the back scat ter co ef fi cient de rived from the dif fer ent sys tems, we chose to fit each sys tem's back scat ter co ef fi cient vs. frequency es ti mates to a scat ter ing model (Faran's the ory), yield ing an 'ef fec tive scat terer diam e ter.' 24 In ex per i ments on soft tis sues, such as the ro dent mam mary tu mor study re ported by Wirtzfeld et al, 15 or for stud ies of scat ter ing in other or gans, 6-8; 24-29 scat ter ing is mod eled as oc cur ring from a (spa tially) con tin u ously-vary ing acous tic im ped ance dis tri bu tion where the spa tial cor re la tion func tion is rep re sented with Gaussi an or ex po nen tial func tions (since there is usu ally in suf fi cient in for ma tion to sup port the use of a more so phis ti cated cor re lation func tion model). The use of these mod els par tially re flects un cer tainty of the scat ter ing sources in tis sues, a topic that still needs fur ther in ves ti ga tion. How ever, in sim ple test me dia com posed of glass sphere-in-gel, many in ves ti ga tors 13, 24 have dem on strated that glass scatter ing can be mod eled ac cu rately us ing Faran's equa tions. Al though each of the tu mor mimick ing spheres con tains a range of scat terer di am e ters, as shown in fig ure 2 , the ef fec tive scat terer di am e ter re sult ing from this anal y sis pro vides an other means to as sess lev els of agree ment among re sults for the dif fer ent sys tems. Ex cept for Sphere A in the low-frequency range, rea son able agree ment was ob tained among the scat terer di am e ter es ti mates from dif fer ent trans duc ers. This dis crep ancy is likely due to the rel a tively small 'ka' (product of the wave num ber and scat terer ra dius) for these scat ter ers at this fre quency (ka = 0.39 for 35 µm-di am e ter scat ter ers at 5.5 MHz); it has been shown that scat terer di am e ter es ti mation is in ef fec tive for ka < 0.6 (be low which all scat ter ers be have as Ray leigh scat ter ers. 29 ) In the high-fre quency range, es ti mated scat terer di am e ters for Sphere B were con sis tently smaller than the ef fec tive scat terer di am e ter pre dicted with Faran's the ory for the dis tri bution of scat terer di am e ters. This agrees with the ob served un der es ti ma tion of the back scat ter co ef fi cient over [10] [11] [12] in fig ure 5 , which caused the es ti mated h to vary more slowly with fre quency than pre dicted from Faran's the ory us ing the ac tual scat terer sizes. The two dif fer ent mean sizes in the spheres of fer a rea son able con trast for this as sess ment and, in general, the scat terer di am e ter val ues ob tained were con sis tent with the glass bead di am e ter distri bu tions in each of the phan tom's spher i cal in clu sions. The ef fec tive scat terer di am e ter val ues de pend on the vari a tion of back scat ter co ef fi cient with fre quency, so in these de ter mina tions mag ni tude of the back scat ter co ef fi cients are less im por tant. In ad di tion, a smaller multisystem stan dard de vi a tion in scat terer di am e ter es ti mates was ob tained in the high-frequency range, which was de rived from back scat ter-co ef fi cient es ti mates from those transduc ers with higher-fre quency ca pa bil i ties. These find ings cor rob o rate Insana and Hall's as ser tion that ef fec tive scat terer di am e ter es ti mates im prove, in most cases, with in creas ing sig nal band width 29 and with Gerig et al's state ment about the pos si bil ity of re duc ing the variance of scat ter di am e ter es ti mates by us ing high-fre quency trans duc ers. 2 It is im por tant to em pha size that a com plete scat terer di am e ter anal y sis would re quire ob tain ing es ti mates at dif fer ent lo ca tions within the re gion of in ter est in one frame and across in de pend ent frames to quan tify the vari ance of each sys tem's es ti mate. In our case, the es ti ma tion was per formed us ing the fi nal es ti mate of the back scat ter co ef fi cient from each sys tem to make a com par i son of the slope of the back scat ter co ef fi cient vs. fre quency.
Al though the best at tempt was made to stan dard ize ex per i men tal pro ce dures, some factors such as the vari a tions in the lo ca tion of the trans ducer over the sphere, dif fer ences in the fre quency re sponse of each of the trans duc ers or in clu sion of (un no ticed) re ver ber a tions and clut ter in the sam ple and/or ref er ence rf data might have caused the small vari a tions among es ti mates of the back scat ter co ef fi cient from im ag ing sys tems. Other fac tors con trib ut ing to es ti mate vari ance might have been dif fer ences in sys tem set tings, such as trans mit power, gain and digitization meth ods, as well as the use of high trans mit power that may lead to harmonic com po nents in the de tected sig nal, which up to now has not been strongly con sid ered as a source of er ror in these mea sure ments. Re gard less of these fac tors, the over all agreement of the estimates of the backscatter coefficient is encouraging.
Dif fer ences in data pro cess ing tech niques among dif fer ent lab o ra to ries in clude vari ations in the lo ca tion and size of the ROIs within the sam ple and the ref er ence, vari a tion in the spec tral win dow size used to com pute the power spec tra as well as in the over lap ping ra tio of the slid ing spec tral anal y sis win dow and dif fer ent band width se lec tion cri te ria. As a first attempt to test the ef fect of the vari abil ity of these dif fer ent rf echo sig nal pro cess ing pa ram eters on at ten u a tion es ti mates, the Siemens S2000 rf echo sig nal data (orig i nally pro cessed by the UW group) were reanalyzed by the UIUC group us ing their spe cific data anal y sis approaches. Their re sul tant a 0 es ti mates were 0.95 dB/cm-MHz for Sphere A and 1.71 dB/ cm-MHz for Sphere B, which are within the ranges shown in ta ble 5 de ter mined by the UW group. There fore, in this case, the dif fer ent sig nal pro cess ing tech niques did not re sult in major vari abil ity in at ten u a tion es ti mates when pro cess ing the same data set. We are com plet ing a graph i cal user in terface that will al low an a lyz ing rf data ac quired from var i ous im ag ing sys tems with a choice of sig nal pro cess ing method. The graph i cal user in terface will fa cil itate test ing data anal y sis strat e gies more thor oughly.
In spite of these vari a tions, the over all abil ity of our lab o ra to ries to re pro duce the frequency de pend ence of the back scat ter co ef fi cient from these sam ples is very en cour ag ing. 14, 15, 30 In ad di tion, we em pha size that in this study, the vari abil ity in the es ti ma tion of the at ten u ation co ef fi cient is not re lated to back scat ter co ef fi cient vari abil ity be cause lab o ra tory-es timated at ten u a tion val ues were used by all groups dur ing at ten u a tion com pen sa tion in stead of each group's slope es ti mates.
As a ref er ence, we com pared our re sults to those from the multisystem study per formed by Wear et al. 30 Es ti mates of the at ten u a tion co ef fi cient from their phan toms A and B, with known at ten u a tion prop er ties (ap prox i mate slopes of 0.4 and 0.7 dB/cm-MHz, re spec tively) were within 0.15 and 0.2 dB/cm-MHz, which rep re sent 38% and 29% of the ex pected values, re spec tively. In com par i son, the max i mum dis crep ancy of at ten u a tion val ues found in this study was 29%, even though the spher i cal in clu sions had con sid er ably higher at ten u ation co ef fi cients than the Wear et al sam ples. Re gard ing the back scat ter co ef fi cients, Sphere A had a mag ni tude and fre quency de pend ence sim i lar to that in Wear et al's Phan tom B, while Sphere B in this study ex hib ited back scat ter co ef fi cient data sim i lar to their Phan tom A (as shown in Wear et al' s fig ure 4 ). In the first case (Sphere A vs. Wear et al's Phan tom B), multisystem vari abil ity be tween both stud ies was com pa ra ble. In the sec ond case (Sphere B vs. Wear et al's Phan tom A), intersystem vari abil ity from Wear et al was larger (by about two or ders of mag ni tude) than the re sults from the pres ent study. Pos si ble rea sons for the larger dis crep an cies found in the pre vi ous study might be larger vari abil ity in data ac qui sition pro ce dures (the phan toms were scanned at each lab o ra tory in stead of per form ing a joint scan ning ses sion), dif fer ences in a 0 and h es ti ma tion meth ods (each lab o ra tory used their own es ti ma tion meth ods and ref er ence phan toms or re flec tors), more com plex phan toms, and pos si bly lower sig nal-to-noise sys tems than those used here. 30 There fore, the im proved stan dard iza tion of the pro ce dures per formed for the pres ent study, par tic u larly us ing the same sam ple and ref er ence phan toms and scan ning both of them dur ing the same scan ning ses sion, helped in achiev ing better agree ment among dif fer ent groups. It should be noted that al though our re sults are sorted by mea sure ment sys tems and transduc ers, this is not to sug gest that spe cific er rors, or par tic u larly ac cu rate re sults, are due to inher ent prop er ties of any of the sys tems. Rather, cur rently, QUS re sults still re quire un der stand ing the lim i ta tions on ac cu racy im posed by al go rithms, by sys tem con trol settings and by in stru men ta tion spec i fi ca tions such as band width. We are en cour aged by the agree ment ex hib ited among the re sults re ported in this pa per. Ex per i ments of this type are im por tant be cause they help un cover sources of er ror in QUS mea sure ments and pro cess ing pro ce dures, thereby lead ing to im proved ac cu racy of the es ti mates. In the fi nal anal y sis, this will lead to im prove ments in med i cal ul tra sound di ag no ses.
One short com ing of the pres ent ex per i ment may be in pre cisely rep re sent ing any ef fects of speed of sound vari a tions that may have been pres ent in the in vivo ex per i ment. The presence of a wa ter-al co hol so lu tion path be tween the trans ducer and the phan tom sec tions instead of pure wa ter as in the in vivo ex per i ments might have led to two dif fer ences be tween the phan tom and the in vivo sce nar ios. In the in vivo case, the 22 o C wa ter path had a speed of sound of 1490 m/s, while in the phan tom case the wa ter-al co hol so lu tion used to avoid damage of the phan tom had a speed of sound of 1535 m/s, which closely ap proaches the speed of sound in the phan tom sec tions as shown in ta ble 2. There fore, any pos si ble re frac tion ef fects would have been re duced in the phan tom ex per i ment. Sec ond, a dif fer ence in the speed of sound of wa ter and tis sue in the in vivo ex per i ments might have led to er rors in the dif frac tion cor rec tion im plicit in the ref er ence-phan tom method used to es ti mate the at ten u a tion and the back scat ter co ef fi cients. In spite of these dif fer ences, the two spher i cal in clu sions of the phan tom suc cess fully re sem bled the shape as well as the at ten u a tion and echogenicity of rodent tu mors, as the B-mode im ages in figure 3 show.
An other short com ing of this work is the lack of cor re la tion be tween the er ror anal y sis in this study and the pa ram e ter es ti ma tion re quire ments for the spe cific task of breast tis sue clas si fi ca tion based on QUS anal y sis. While the stud ies re ported here were nec es sary to reduce the sus pi cion of es ti mate bias in the interlab o ra tory ro dent tu mor study, 14, 15 this work does not pro vide es ti mates of the dif fer ences be tween QUS pa ram e ter val ues for var i ous breast tis sues. This work also does not yet pro vide guid ance for the max i mum QUS pa ram eter es ti mate vari ance that would al low con fi dent tis sue clas si fi ca tion. This work does, however, pro vide con fi dence that the pa ram e ter val ues es ti mated in our an i mal model work are ac cu rate and can be used to guide stud ies in hu man sub jects. Even with that, clin i cal tri als with hu man sub jects are nec es sary to in ves ti gate the util ity of these tech niques.
CON CLU SIONS
The pres ent study has eval u ated the ac cu racy of es ti mates of the back scat ter co ef fi cient and at ten u a tion co ef fi cient by var i ous re search groups us ing dif fer ent clin i cal ul tra sound equip ment and scan ning pro ce dures set up for study ing a pre clin i cal tu mor model. Most systems and trans duc ers es ti mated at ten u a tion co ef fi cients within one stan dard de vi a tion of the known value. When the known at ten u a tion co ef fi cient was used in the es ti ma tion of the back scat ter co ef fi cient, most sys tems cor rectly char ac ter ized the ef fec tive di am e ter of scatter ers as long as ka ex ceeded 0.6. Al though there is still room for im prove ment re gard ing meth od ol ogy stan dard iza tion for some sys tems, the pres ent re sults val i date our pro ce dures and en cour age their fur ther ap pli ca tion in the char ac ter iza tion of in vivo le sions. In ad di tion, this study shows the im por tance of performing meth od ol ogy eval u a tions using well char acter ized phantoms that emulate subject scanning conditions to make progress in Quantitative Ultrasound.
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